Infections with hepatitis C virus (HCV) are marked by frequent viral persistence, chronic liver disease, and extraordinary viral genetic diversity. Although much has been learned about HCV since its discovery, progress has been slowed by a lack of permissive cell culture systems supporting its replication. Productive infections have been achieved recently with genotype 2a virus, but cirrhosis and liver cancer are typically associated with genotype 1 HCV, which is more prevalent and relatively resistant to IFN therapy. We describe production of infectious genotype 1a HCV in cells transfected with synthetic RNA derived from a prototype virus (H77-S). Viral proteins accumulated more slowly in H77-S transfected cells than in cells transfected with genotype 2a (JFH-1) RNA, but substantially more H77-S RNA was secreted into supernatant fluids. Most secreted RNA was noninfectious, banding in isopycnic gradients at a density of 1.04 -1.07 gm͞cm 3 , but infectivity was associated with H77-S particles possessing a density of 1.13-1.14 gm͞cm 3 . The specific infectivity of H77-S particles (5.4 ؋ 10 4 RNA copies per focus-forming unit) was significantly lower than JFH-1 virus (1.4 ؋ 10 2 RNA copies per focus-forming unit). Infection with either virus was blocked by CD81 antibody. Sera from genotype 1a-infected individuals neutralized H77-S virus, but had little activity against genotype 2a virus, suggesting that these genotypes represent different serotypes. The ability of this genotype 1a virus to infect cultured cells will substantially benefit antiviral and vaccine discovery programs.
D
espite intensive research efforts, many gaps remain in our understanding of hepatitis C virus (HCV) and the mechanisms by which it causes chronic liver injury (1) . To a large extent, this situation reflects the absence of tractable cell culture systems that are permissive for virus replication. Recent reports describing the efficient propagation of a genotype 2a strain of HCV, JFH-1, and a related, wholly genotype 2a chimera, FL-J6͞JFH, have thus stimulated much interest (2) (3) (4) . The JFH-1 virus appears to be unique among strains of HCV in terms of its ability to undergo productive infection. Many aspects of the virus-host interaction, including viral entry, assembly, and release, that were previously inaccessible to experimental manipulation, can now be studied using the JFH-1 strain and its chimeric derivatives. However, the genotype 2a JFH-1 strain is not representative of the genotype 1 strains of HCV that are principally associated with liver disease in most regions of the world (5) . There is thus an important need to develop systems supporting replication of other HCV genotypes in cell culture.
Like all positive-strand RNA viruses, HCV possesses an error-prone RNA replicase. Strains of HCV show extraordinary genetic diversity, both in terms of quasi-species variation within infected individuals, as well as genetic distances between viruses belonging to different genotypes (5, 6) . Pairwise differences in the nucleotide sequences of the six HCV genotypes are on the order of 31-33%. This degree of variation approximates the genetic distance between members of the classical flavivirus serogroups, such as the four dengue viruses and members of the Japanese encephalitis serogroup, that represent serologically and genetically distinct viruses (7) . The extent to which critical epitopes involved in antibody (Ab)-mediated neutralization varies among different HCV genotypes is not well understood. Neutralization studies using pseudotyped retrovirus particles suggest considerable relatedness among different HCV genotypes (8) , but these conclusions need to be confirmed in neutralization studies using authentic HCV. There also may be important distinctions in the capacity of different genotypes of HCV to establish long-term persistence or to cause liver disease. Cirrhosis and liver cancer are typically associated with genotype 1 viruses, which are most prevalent (5) . As important, there are marked differences in the therapeutic responses of different genotypes, with genotype 1 viruses being least likely (Ϸ45%) and genotype 2 viruses most likely (Ϸ85%) to respond to IFN-based therapy (9) . Collectively, this marked genetic heterogeneity and the corresponding clinical outcome differences underscore the importance of developing genotype 1 replication systems.
Unmodified genomic RNA derived from the genotype 2a JFH-1 strain of HCV produces infectious virus particles after transfection into Huh7 hepatoma cells (2, 3) . In contrast, the genome of the prototype genotype 1a virus, H77, although capable of efficient replication in chimpanzees, replicates poorly in cell culture (10, 11) . Nonetheless, we recently reported the efficient replication of H77 genomic RNA containing five adaptive mutations (referred to herein as ''H77-S'') in Huh7 hepatoma cells (12) . These adaptive mutations are located within the NS3, NS4A, and NS5A proteins (see Fig. 1A ). Here, we describe production of infectious HCV in cells transfected with this RNA. We compare the biophysical properties of genotype 1a and 2a particles produced in cell culture and show that these viruses can be readily distinguished serologically. Although possessing lower specific infectivity than JFH-1 virus produced in cell culture, the ability of this genotype 1a virus to infect cultured cells should substantially benefit antiviral and vaccine discovery programs.
Results
Previous studies have shown that a combination of five cell culture-adaptive mutations provide for efficient replication of the genotype 1a H77-S RNA in transfected Huh7 cells (12) . To assess the ability of this highly cell-culture-adapted RNA to produce infectious virus in transfected cells, we created a related mutant, H77-S͞⌬E1p7, with an in-frame deletion of sequence encoding the HCV structural proteins, E1, E2, and p7, that should eliminate virus particle formation but not impair viral RNA replication (Fig. 1 A) . Synthetic RNA transcribed from these two constructs, and an RNA replication-defective mutant containing an Ala-Ala-Gly substitution for the conserved Gly-Asp-Asp motif in the NS5B polymerase active site (H77-S͞ AAG), were electroporated into Huh-7.5 cells. These cells are deficient in signaling virus activation of IFN-␤ synthesis through the intracellular retinoic acid-inducible gene I (RIG-I) pathway and are highly permissive for HCV RNA replication (13, 14) . In parallel, Huh-7.5 cells were transfected with similar RNA transcripts derived from the JFH-1 virus and related mutants containing either a deletion of E1 and E2 or a Gly-Asn-Asp substitution in NS5B. Cells were monitored for replication of the transfected RNAs by a semiquantitative RT-PCR assay targeting an Ϸ1.9-kb segment of the NS3-coding region (see Materials and Methods). This assay is sensitive and specific for replication of synthetic viral RNAs after transfection.
Both the H77-S and JFH-1 RNAs replicated efficiently in Huh-7.5 cells, as did the related mutants in which the structural proteins were deleted (Fig. 1B, lanes 1, 3 and 4, 6 ). RNA synthesis was evident as early as 12 h after electroporation, with strong RT-PCR signals obtained from lysates prepared 36 h after transfection. These levels of RNA persisted in the H77-S and H77͞S-⌬E1p7 transfected cells through 96 h after transfection (lanes 1 and 3) , whereas the RT-PCR signal was notably decreased in JFH-1 and JFH-1͞⌬E1E2-transfected cells by 72-96 h compared with that present at 36 h (lanes 4 and 6). In contrast, viral RNA was not detected in lysates of cells transfected with the NS5B mutants, indicating a failure of replication (Fig. 1B, lanes 2 and 5) . These results were confirmed by immunoblot detection of the core and NS3 proteins in lysates of the transfected cells (Fig. 1C) and by immunofluorescence imaging of the core protein (Fig. 1D) .
Several interesting differences were apparent in the expression of H77-S and JFH-1 proteins. Despite high abundance of viral RNA in H77-S transfected cells (Fig. 1B) , JFH-1 transfected cells contained substantially more core protein, particularly at early time points (Fig. 1C) . Core accumulated slowly in H77-S transfected cells, whereas its abundance was maximal at the earliest time point, 48 h, in JFH-1 transfected cells. Immunofluorescence staining was also substantially more intense for core antigen in the JFH-1 transfected cells (Fig. 1D ). NS3 abundance also increased with time in H77-S transfected cells, whereas maximal levels were present at 48 h in JFH-1 transfected cells (Fig. 1C) . The less intense NS3 signal in JFH-1 immunoblots likely reflects antigenic differences between JFH-1 and H77-S, as the NS3 Ab was raised to genotype 1a protein. In contrast, the anti-core monoclonal Ab (mAb) we used recognizes an epitope located between residues 21-40 of the protein, which is conserved in both viruses. These results suggest that JFH-1 RNA produces more core protein than H77-S RNA or that the JFH-1 core protein has greater stability than the H77-S protein in Huh-7.5 cells. However, a smaller proportion of cells expressed detectable core antigen in the JFH-1 transfected cultures 96 h after transfection (Fig. 1D) . This difference suggests that JFH-1 RNA replication may be associated with greater cell death than H77-S.
Because Huh7 cells transfected with the JFH-1 RNA are known to release infectious virus particles (2, 3), we compared the secretion of viral RNA from these cells into the supernatant culture fluids. Substantially more viral RNA was released into supernatant fluids from H77-S transfected cells than from JFH-1 transfected cells (Fig. 1B , compare lanes 7 and 10), with the abundance of H77-S RNA released increasing between 36 and 96 h. In contrast, JFH-1 RNA release was minimal and detected only at 36 h after transfection in this assay. However, the release of either of these RNAs into the supernatant fluids was not dependent on expression of the envelope proteins (lanes 9 and 12), indicating that the presence of viral RNA in the culture media is not indicative of viral particle assembly.
Clarified supernatant culture fluids collected 24-96 h after transfection were tested for the presence of infectious virus by inoculation onto naïve Huh-7.5 cells, followed by fixation and staining for the presence of core antigen 96 h later. Core was present in numerous cells inoculated with the JFH-1 supernatant fluids ( Fig. 2A Right) , consistent with infection with JFH-1 virus (2, 3). Importantly, we also observed core antigen in a smaller number of cells inoculated with the H77-S supernatant fluids ( Fig. 2 . Left). As described previously for the JFH-1 virus (2), H77-S infected cells were grouped in small clusters. These clusters appear to result from division of a single infected cell during the 96-h incubation period or possibly by cell-to-cell spread of virus. Thus, in subsequent experiments, we measured virus infectivity in terms of ''focus-forming units'' (FFU). Im- portantly, the intensity of antigen staining in these cells mirrored that in the transfected Huh-7.5 cells, with less intense staining of core antigen in H77-S infected cells. Supernatant fluids remained infectious after passage through a 0.2-m filter, consistent with cell-free virus.
Interestingly, the release of infectious virus from H77-S transfected cells was not continuous, but was greatest 24-48 h after transfection and reduced subsequently (Fig. 2B) . Trypsin treatment of the cell monolayer, followed by a 1:3 split and reseeding of the cells at a lower density, resulted in a reproducible burst of virus production. These results are consistent with previous observations indicating that HCV RNA replication is tightly coupled to host cell proliferation and that viral RNA synthesis is enhanced during the S phase of the cell cycle (15, 16) . In contrast, the release of JFH-1 virus was continuous and increased with time (Fig. 2B) .
Electron microscopic examination of supernatant fluids from both H77-S-and JFH-1-transfected cultures revealed the presence of occasional virus-like particles measuring 44-64 nm in diameter ( Fig. 2 A Insets ; see also Fig. 5 , which is published as supporting information on the PNAS web site). Some particles in the H77-S infectious material bound gold-labeled mAbs to the E2 glycoprotein of HCV (Fig. 2 A Left Inset) . Importantly, neither viral antigen expression in inoculated cells nor virus-like particles were observed with supernatant fluids taken from cells transfected with the H77-S͞⌬E1p7 mutant, despite equivalently robust replication of that RNA in transfected cells (Fig. 1B, lanes  3 and 9) . Together, these results provide strong evidence for the production of cell culture-infectious H77-S virus in transfected Huh-7.5 cells. However, the lower number of antigen-positive cells obtained with inoculation of the H77-S harvest compared with the JFH-1 harvest suggests that the production of infectious virus is 10-to 100-fold less efficient with H77-S.
To compare the physical properties of infectious H77-S and JFH-1 particles, aliquots of concentrated posttransfection supernatant fluids were passed through a 0.2-m filter and then layered onto a preformed 10-40% iodixanol gradient, which was centrifuged to equilibrium. Fractions collected from this isopycnic gradient were tested for viral RNA by the semiquantitative RT-PCR assay described above (Fig. 3A) . Much of the H77-S RNA was present in fractions 2 to 3, near the top of the gradient, but a major fraction of the RNA banded discreetly at a higher density (Ϸ1.13-1.14 g͞cm 3 ) in fractions 5 to 6. Importantly, this second RNA peak was absent in gradients loaded with concentrated supernatant fluids from cells transfected with the H77-S͞⌬E1p7 mutant (Fig. 3A) . Although a small amount of JFH-1 RNA was detectable in fraction 3, most was present in fractions 5 to 6 (Fig. 3A) . These results were confirmed by real-time quantitative RT-PCR assays targeting a small, conserved segment of the 5Ј nontranslated RNA (Fig. 3 B and C) . When fractions were inoculated onto naïve Huh-7.5 cells, H77-S infectivity was found only in fractions 4 and 5, whereas the maximum JFH-1 infectivity was present in fraction 5 (Fig. 3B) . No infectious virus was present in supernatant fluids from the H77-S͞⌬E1p7 transfected cells. The intensity of core antigen staining in cells infected with the H77-S and JFH-1 virus from these gradients showed the characteristic difference in staining intensity described above (Fig. 3, compare D and E) . These results indicate that infectious H77-S virus has a buoyant density similar to that of JFH-1 virus: Ϸ1.13-1.14 g͞cm 3 .
We estimated the specific infectivity of the JFH-1 and H77-S viruses banding at this density by comparing the abundance of viral RNA in these fractions (determined by real-time RT-PCR) with the infectious titer. These results suggested a specific infectivity of 140 Ϯ 13 S.E. RNA copies per FFU for the JFH-1 virus, compared with 54,000 Ϯ 18,000 copies per FFU for the H77 virus (based on analysis of three fractions in two independent experiments). Thus, the JFH-1 virus has Ϸ400-fold greater specific infectivity than the H77-S virus in these fractions. The magnitude of this difference cannot be explained by differences in the ability of the RT-PCR assay to detect JFH-1 vs. H77-S RNA, nor is it likely to be due to contamination of the H77-S virus in fractions 4 and 5 with the RNA peaking in fraction 2 of the gradient that was not associated with infectious virus (Fig. 3B) .
Because synthetic RNA transcripts banded at a higher density than infectious virus in these gradients (1.15-1.17 g͞cm 3 ; data not shown), it is likely that the noninfectious H77-S RNA in fractions 2-3 is present in membranous complexes. The possibility that this material might be derived from viral replicase complexes is suggested by the presence of NS3 and NS5B within these fractions (see Fig. 6 , which is published as supporting information on the PNAS web site). The abundance of E2 and core protein was not sufficient in fractions containing infectious virus for reproducible detection by immunoblot.
To characterize further the infectious particles produced in H77-S transfected cells, we carried out neutralization assays using serum samples collected prospectively from injection drug users who had experienced acute genotype 1 HCV infection (17) . Dilutions of each serum sample were mixed with a fixed amount of H77-S, incubated for 60 min, then inoculated onto naïve Huh-7.5 cells. A Ͼ50% reduction in FFU was considered indicative of virus neutralizing Abs. We tested paired sera from three subjects, collected before and 8-14 months after initial serologic evidence of HCV infection. As shown in Fig. 4A  Upper) , none of the preinfection sera neutralized Ͼ50% of the H77-S inoculum, at any dilution, whereas a 1:10 dilution of each of the postinfection sera resulted in an 87-97% reduction in FFU relative to either the paired preinfection specimen, or a no serum control (98 Ϯ 7 FFU). Fifty percent neutralization endpoints for the postinfection sera ranged from 1:700 to Ͼ1:1250. The specific neutralization of H77-S infectivity with postinfection human sera confirms that the infectious particles produced by H77-S transfected cells are antigenically related to those produced during human infections with wild-type virus. We also tested these sera for the ability to neutralize JFH-1 virus (Fig. 4A  Lower) . Only one of the three postinfection sera (patient no. 455) was capable of neutralizing JFH-1 virus (titer ϭ 1:40), indicating substantial serologic differences between these two viruses.
CD81 is expressed on the surface of many cells and has been shown to interact with the E2 protein of HCV (18) . Abs to CD81 block the infection of Huh7 cells with HCV pseudotyped retroviral particles, as well as the genotype 2a JFH -1 virus (2, 3, 19) . Moreover, a soluble CD81 fragment blocks infection of hepatoma cells with the FL-J6͞JFH chimera (4). We found that anti-CD81 Ab efficiently blocked the infection of Huh-7.5 cells with H77-S virus (Fig. 4B Left) . These data suggest that H77-S and JFH-1 particles bind to and enter Huh-7.5 cells by similar mechanisms, most likely involving virus recognition of the CD81 molecule on the cell surface.
Discussion
Until recently, efforts to study HCV and its interactions with host cells have been impeded by the absence of cell culture systems that are capable of supporting all stages of the virus life cycle. The development of efficiently replicating subgenomic RNA replicons and genome-length selectable RNAs has been helpful in providing model systems that recapitulate events in viral polyprotein expression, processing, replicase assembly, and viral RNA synthesis (20) (21) (22) . However, these experimental systems are not capable of providing insights into interactions of the virus with host-cell receptors, the process of viral entry, or assembly and release from the cell. The recent recognition that the genotype 2a virus, JFH-1, is capable of very efficient RNA replication as well as the production of fully infectious virus particles in transfected cells thus represents a major breakthrough for the hepatitis C field.
Our demonstration here of the ability of the H77-S virus to undergo the complete viral life cycle in Huh7.5 cells represents another important step in the development of useful cell culture systems for HCV. Unlike the genotype 2a JFH-1 virus, the genotype 1a H77-S virus is representative of the most prevalent HCV genotypes causing liver disease within the United States, as well as many other countries (5, 6) . It carries five defined cell culture-adaptive mutations that distinguish it from the prototype Hutchinson strain (H77C) virus that is highly infectious for chimpanzees and that has been used in many early studies characterizing HCV (10, 12, 23) . The adaptive mutations in H77-S that promote efficient viral RNA replication are located within the NS3͞4A protease complex and the NS5A protein, a nonstructural phosphoprotein (12) . Both of these proteins appear to be essential components of the viral RNA replicase, but both proteins also play important roles in confounding innate cellular antiviral defenses (24, 25) . How these five adaptive mutations modulate these viral functions to promote HCV RNA replication remains unknown, as is their impact, if any, on viral assembly and release. It will be interesting to determine whether these mutations reduce the ability of the virus to infect chimpanzees; previous studies with a genotype 1b virus suggest mutations that promote RNA replication in cultured cells reduce the ability of the virus to infect chimpanzees (26) .
Although the lower quantities of infectious H77-S virus released from transfected cells correlates well with the lower abundance of viral proteins expressed, compared with JFH-1 transfected cells (Fig. 1C) , the production of infectious virus does not appear to be determined only by the cellular abundance of HCV RNA and͞or its proteins. In other studies, we could not detect release of infectious virus from cells transfected with a highly cell culture-adapted, genotype 1b RNA derived from HCV-N (22) , despite the expression of viral RNA and proteins roughly comparable with that observed with H77-S (M.Y. and S.M.L., unpublished data).
Quantitatively more viral RNA was released from H77-S transfected cells than JFH-1 transfected cells, but most of this RNA banded at a very low density in iodixanol gradients (Ϸ1.03-1.07 g͞ml) (Fig. 3B ). This RNA was not naked viral RNA, which possesses a significantly higher density (1.15-1.17 g͞ml) (data not shown). The nature of the low-density RNA is uncertain. It may represent only membrane-bound RNA associated with replication complexes released from dying cells, as suggested by the presence of NS3 and NS5B in these fractions (Fig. 6) . It is interesting to note, however, that some circulating HCV RNA molecules present in human sera are found at a density of Ϸ1.06 gm͞cm 3 after equilibrium ultracentrifugation (27) , suggesting that the low-density RNA released from H77-S transfected cells may have possible physiologic relevance.
The much lower specific infectivity of the H77-S particles banding at 1.13-1.14 gm͞cm 3 , compared with JFH-1 particles with the same density, also remains to be explained. Both viral RNAs appear to replicate efficiently in transfected cells (Fig.  1B) , but the structural and nonstructural proteins accumulate more slowly in H77-S transfected cells (Fig. 1C) . To document the presence of core antigen in H77-S infected cells, we were required to incubate cells for 96 h after inoculation with virus. In contrast, abundant core antigen was present in JFH-1 infected cells by 48 h. It is tempting to speculate that this difference might explain, at least in part, the 400-fold difference we observed in the specific infectivity of JFH-1 and H77-S particles. However, a specific defect in virus entry or uncoating cannot be excluded. Widely different cell entry efficiencies have been observed with pseudotyped retroviruses bearing envelope glycoproteins from different HCV strains (19) .
Although further work will be required to answer these and many other questions, the availability of a genotype 1a virus that is capable of undergoing the complete viral cycle in cultured cells should be a major asset to the hepatitis C field. The widely divergent neutralizing Ab activities we found against genotype 1a and 2a viruses in human sera (Fig. 4A ) suggest that these viruses may represent distinct serotypes, an observation that has significant implications for vaccine development.
Materials and Methods
Plasmids. The H77-S virus was derived from the chimpanzeeinfectious genotype 1a pCV-H77C cDNA clone (GenBank accession no. AF011751) (10) . It contains five cell culture-adaptive mutations, two within NS3 (Q1067R, V1651I), one in NS4A (K1691R), and two in NS5A (K2040R, S2204I) (12) . Construction of pH77-S, formerly called pH77c͞QR͞VI͞KR͞KR 5A ͞SI, as well as the related replication-defective NS5B mutant, H77-S͞AAG, has been described (12) . pH77-S͞⌬E1p7 contains an in-frame deletion spanning the E1-p7 coding (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site). The JFH-1, JFH-1͞GND, and JFH-1͞⌬E1E2 plasmids are described in ref. 3 .
Cells. The Huh7 cell subline, Huh-7.5, was kindly provided by Charles Rice (Rockefeller University, New York) (13) . Cells were cultured as described in ref. 12. cultures for 48 (JFH-1) or 96 (H77-S) h, cells were fixed and stained for the presence of HCV core antigen by indirect immunofluorescence (see above), and the foci of antigenpositive cells were enumerated. A Ͼ50% reduction in FFU (compared with virus incubated with no serum) was considered indicative of neutralizing Ab; endpoint 50% neutralization titers were estimated by using the least-squares method.
Equilibrium Ultracentrifugation. Filtered supernatant fluids collected from transfected cell cultures (no FCS) were concentrated 20-to 50-fold by using a Centricon PBHK Centrifugal Plus-20 Filter Unit with Ultracel PL membrane (100-kDa exclusion) (Millipore), then layered on top of a preformed continuous 10 -40% iodixanol (OptiPrep, Sigma-Aldrich) gradient in Hanks' balanced salt solution (HBSS; Invitrogen). Gradients were centrifuged in a SW60 rotor (Beckman Coulter) at 45,000 rpm for 16 h at 4°C, and fractions (500 l each) were collected from the top of the tube. The density of each fraction was estimated by weighing a 100-l drop from fractions of a gradient run in parallel but loaded with HBSS.
Quantitation of HCV RNA. Both semiquantitative and quantitative real-time RT-PCR assays were used to determine the abundance of viral RNA in transfected cells and virus harvests. For details, see Supporting Materials and Methods.
Immunoblot Analysis. Blots were incubated with Abs to core (C7-50, 1:30,000) or NS3 (BDI371, 1:20,000), followed by horseradish peroxidase-conjugated anti-mouse IgG (1030-05, Southern Biotech) (1:30,000). Proteins were visualized by chemiluminesence using reagents provided with the ECL Advance kit (Amersham Pharmacia Biosciences).
